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014).Nano zerovalent iron (nZVI) is one of the most exten
studied types of environmental nanoparticles because of
in groundwater remediation. Many laboratory studies
been conducted to investigate multiple aspects related to
application, including synthesis methods (He and Zhao,
Wang and Zhang, 1997), material characterization of
freshly prepared by various methods (Baer et al., 2010a,
He and Zhao, 2005; Nurmi et al., 2005, 2011; Sarathy
2008; Yan et al., 2010b), mobility in porous media (He
2007, 2009; Johnson et al., 2009; Phenrat et al., 2009; Ph
et al., 2010), and interactions/reactions with a wide ra
contaminants (Fan et al., 2013, 2014; Ling and Zhang, 20
Liu and Lowry, 2006; Liu et al., 2007; Wang and Zhang, 1
This laboratory-based work is sufficiently well-develope
abundant that it has been the basis for multiple revie
the process-level aspects of potential applications of n
remediation (O'Carroll et al., 2013; Tosco et al., 2014; Tra
and Johnson, 2006; Yan et al., 2013).
Compared with the advanced state of literature
process-level laboratory-scale studies with nZVI, rela
few detailed studies have been reported on the applicat
nZVI for groundwater remediation at the field scale. In th
studies that have been well documented (Bennett et al.,
Elliott and Zhang, 2001; He et al., 2010; Henn and W
2006; Johnson et al., 2013; Kocur et al., 2014; Quinn et al.,
Wei et al., 2010), the effectiveness of nZVI injection is u
assessed mainly by the changes in the concentrations of
contaminants of concern (CoCs), even though ther
multiple processes other than degradation by nZVI that
contribute to CoC attenuation (displacement, dilution,
ping into off-gassing H2, etc.). More comprehensive me
for characterizing the fate and effects of nZVI — includin
delivery, reactivity, transformation, effects on contami
and impact on the surrounding environment— during gr
water remediation are needed to elucidate the poten
this technology. The only study to date that emphasiz
methodological aspects of assessing nZVI transport andy
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that effort, including a synthesis of results and insights
prior work, supplemented with complementary data th
had not previously reported. It begins with a brief rev
essential precursory topics (composition of nZVI formul
and reactivity of nZVI with media), followed by classifi
and discussion of ex situ characterization methods (perfo
on water samples from monitoring wells), and then i
characterization methods (mainly geophysical). The o
goal is to advance the quality of site characterization d
and after subsurface emplacements of nZVI and provide a
reliable basis for interpreting and optimizing the perform
of this technology.
2. Preparation and formulation of nZVI
Most nZVI is produced with chemical reduction me
either by H2 under high temperature (e.g., the comm
product known as RNIP-10DP and RNIP-M2 from Toda C
or by borohydride reduction of aqueous Fe(II) under am
conditions (FeBH) (which is themost commonon-site syn
method for laboratory and field studies). Bare nZVI pa
usually have a core–shell structure composed of an Fe
covered by a thin layer of iron (hydr)oxides (Li and Z
2006; Martin et al., 2008; Nurmi et al., 2005). Due to el
static and magnetic attractions, bare nZVI particles in aq
suspension quickly form aggregates that are large enou
have poor mobility in porous media (Phenrat et al., 200
minimize aggregation and maximize mobility, nZVI is typ
prepared and/or deployed in the presence of additives s
surfactants or other polyelectrolytes. For example, RN
from Toda Corp. was nZVI with surface modificatio
aspartate. Among numerous methods for surface modifi
of nZVI (reviewed in Tratnyek et al. (2011) and Yan
(2013)), the use of carboxymethyl cellulose (CMC) stab
for nZVI surface modification (CMC–nZVI) has attracte
most interest for field application (He and Zhao, 2005, 20
et al., 2007, 2009, 2010; Johnson et al., 2013; Kocur et al., 2
Unlike many stabilizers that are added after particle synthesis,
CMC is usually added prior to synthesis to allow formation of
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Fig. 1. The major chemical reactions (Rxns) contributing to subsurface
conditions after the addition of nZVI (shown generically as Fe0). (1) Corrosion
of Fe0; (2) and (3) precipitation of Fe(II) and Fe(III) oxyhydroxides;
(4) transformation of Fe oxides. Solid phases are shown in bold.
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stable nZVI suspension with very small particle size. An
nZVI formulation, NANOFER by NANO IRON s.r.o. (Ra
Czech Republic), is a commercial product and has been
relatively recently in multiple laboratory studies and
demonstrations (Eglal and Ramamurthy, 2014; Kadar
2011; Klimkova et al., 2011; Laumann et al., 2013, 2014; L
et al., 2012; Zhuang et al., 2012). NANOFER 25S cons
nZVI particles with the average primary particle dia
about 50 nm, and surface modification with iron oxide
polyacrylic acid.
The varying chemical and physical properties of
particles from different synthesis methods directly affe
fate and transport of nZVI in subsurface environment
thus their detection. Rapid changes in water chemistr
electrometric properties of impacted areas are expected
nZVI injection, and the extent of these impacted areas w
greater for nZVI with small size and good physical sta
The oxidation of nZVI particles (to nZVIox) complicate
characterization of nZVI transport because of differences
physical, spectroscopic, and electrometric properties of n
vs. the original reduced nZVI (Johnson et al., 2013; Liu
2014; Shi et al., 2011). Also, the small size of some
particles requires special attention to distinguish nZVI pa
from dissolved iron species in water samples. In some res
the polyelectrolyte stabilizers and other ingredients us
synthesis of nZVI can be helpful for mapping nZVI imp
regions of the subsurface, but these ingredients may
complicate the use of other characterization methods, su
geophysics.
3. Essential chemistry of nZVI
The utility of nZVI derives from its relatively high reac
but this reactivity (and that of some components us
prepare nZVI, such as borohydride) also impacts the overa
and effects of the injected material in ways that str
influence options for their characterization. To a large e
the reactivity of nZVI is determined by the corrosion o
which consumes dissolved oxygen, other oxidizing s
(including contaminants), and protons; resulting in a
elevated H2 and pH, and formation of various Fe(II) or
species. The relationships between the reactions that giv
to these effects are summarized in Fig. 1.
The reactions shown in Fig. 1 apply to any type o
but the small particle size and high specific surface a
nZVI mean that the extent of corrosion (Rxn 1) can
in substantial or even complete depletion of the Fe0
introduces the prospect that in situ reactions initiat
nZVI may become limited by the quantity of nZVI deli
Conversely, the combination of reaction between nZV
natural in situ oxidants (O2, H2O, natural organic matter,
minerals, etc.) comprises a natural reductant demand (
which competes with the preferred reaction of nZVI
contaminants.
The reactions between nZVI and NRD result i
formation of oxidized iron species, including Fe(II) in a
environment or Fe(III) in oxic environment (e.g., Fig. 1, R
and 3). Formation of the mixed-valent iron oxide mage
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the Schikorr reaction (Filip et al., 2014). In typical field
injection trials (where initial conditions are aerobic),
oxides are expected to form first because nZVI rapidly
with dissolved oxygen (DO). After DO is consumed
becomes the major contributing NRD of nZVI, yi
dissolved Fe(II), H2, and OH− (Fig. 1, Rxn 1), which
further to form Fe(II/III) oxides (Fig. 1, Rxn 2).
Additional possible reactions that are characteris
nZVI in groundwater include abiotic reduction of nitr
ammonia; stimulation of biotic sulfidigenesis; precipitat
iron (oxyhydr)oxides, sulfides (mackinawite, FeS), carbo
(siderite, FeCO3), and phosphates (vivianite, (Fe3(P
8H2O)); and sequestration of metals by reduction, adsor
and precipitation/co-precipitation (ranging from alkali
cations to transitionmetal oxyanions). For all of these reac
their roles in contaminant removal during remediation
cations of nZVI have been studied extensively (as noted a
but less attention has been given to their use as indicators
fate and effects of nZVI when it is deployed in situ.
Extrapolation from general consideration of che
processes, as described above, to field-scale, in situ applic
of nZVI must consider additional factors that often ar
well represented in laboratory studies. One such factor is
of the nZVI, which is negligible (usually avoided) in
laboratory studies but substantial (and unavoidable) in
field studies. For example, batch experiments performed
commercial RNIP nZVI have given evidence of sign
passivation after one month of exposure to common gr
water anions (Reinsch et al., 2010; Sarathy et al., 2
Furthermore, we showed in a more recent study tha
presence of sulfide caused conversion of up to 10% o
original nZVI (FeBH) into FeS within 24 h (Fan et al., 2
However, it should be noted that the kinetics of passiv
formation or transformation are not only dependent o
type of anions, but also dependent on the properties of
For CMC–nZVI, due to its smaller particle size and h
specific surface area than most of other nZVI formulation
and Zhao, 2007), aging and related transformation rea
could occur at rates fast enough to impact nZVI tran
during the early stages of emplacement.
4. Distribution of nZVI in the subsurface
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nZVI necessitates that the nZVI be sufficiently mob
the subsurface to reach the target treatment zone. To a
this, a variety of nZVI emplacement strategies have
developed. Nearly all strategies involve injection of the n
conjunction with some organic amendment (e.g., biopo
surfactant, shear-thinning fluid). These provide a num
potential benefits, including: (1) decreased filtration
(i.e., decreased particle sticking coefficient), (2) decr
aggregation, (3) enhanced sweep efficiencies, and (
external carbon source for enhanced biodegradation. Ap
tions in which nZVI/organic suspensions are injected
either conventional wells or drive points using either pr
injection or gravity feed have been demonstrated (Jo
et al., 2013). For most field demonstrations, delivery o
into target treatment zones has been limited due to filtra
the nZVI by the porous media, and/or preferential flow (
results in bypassing significant portions of the trea
zone). Regions that are not directly impacted by nZV
still be impacted indirectly as reactions of the nZVI alter
situ biogeochemistry and these changes spread with n
transport of the groundwater.
Most scenarios for nZVI emplacement by injection
wells are expected to create a distribution of nZVI and
impacted fluids in the subsurface similar to that shown
ceptually in Fig. 2. Briefly, nZVI will propagate from
injection well into the aquifer with a distribution patter
is largely determined by the heterogeneous structure
aquifer and the filtration properties of the nZVI (zone
Fig. 2). Transport distances of a meter or less seem
typical (Johnson et al., 2013), but a portion of nZVI m
transported up to a few meters along preferential path
with high permeability. The distance and distributi
nZVI emplacement are strongly influenced by the inj
velocity (e.g., higher velocities near the injectionwell min
deposition, while slower velocities away from the well
deposition) (Krol et al., 2013).Fig. 2. Expected distribution of nZVI and nZVI impacted fluids resulting from in
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nZVIOx, zone B in Fig. 2). As suggested in the figure, the ox
material can travel farther than the unoxidizedmaterial (
because oxidation takes place primarily at the leading e
the nZVI front. In general, nZVI movement will stop wh
high velocities that are applied during injection end. B
the distance to which the nanoparticles are transp
dissolved species will continue to move under the infl
of groundwater flow. These species may include
dissolved hydrogen, the dissolved organic phase (e.g.,
as well as ions associated with synthesis of the
(e.g., borate) (zone C in Fig. 2). Since many of these s
are biogeochemically active, their concentrations d
gradient from the injection well will likely persist for
meters at most. Beyond that point, non-reactive specie
continue to move with the groundwater (zone D in Fig.
general, there will be little contaminant attenuation in th
zone (D).
The conceptual model represented by Fig. 2 pr
a rubric for classifying the methods and criteria us
characterize the in situ fate and effects of nZVI emplace
In general, each of the zones in Fig. 2 can be characteriz
groundwater sampling during the injection proces
discussed below, nZVI is readily visible in groundwater
to concentrations of about 10 mg L−1. Thus, ground
samples collected during injection (from zone A, Fig. 2
become black wherever nZVI concentrations are suffic
high to provide contaminant degradation by direct re
with ZVIred. Similarly, the oxidizedmaterial (ZVIox) is visi
eye and/or spectrophotometry when it is present (Jo
et al., 2013) and dissolved reactive species can be mea
by conventional means, thereby delimitating zone B.
injection has ended, concentrations of iron nanopartic
groundwater decrease rapidly due to aggregation, depo
and filtration. As a consequence, characterization of the
distribution after injection usually depends on indirect
surements, collection of solid-phase samples, and/or
geophysical methods.jection of nZVI into amoderately permeable aquifer. Features are not drawn to scale. NPs:
5. Classiﬁcation of characterization methods
reser
s can
direc
les in
ecifi
ol fo
y and
(b
used
man
torin
s no
ed b
Thes
inant
II/FeI
tion–
e ma
eter
ges o
uctiv
t and
cts o
jected
y and
t is a
volve
serv
0 can
scopi
ctron
TEM)
scop
ce fo
utin
ition
mon
-flow
mas
denc
c and
vity a
visua
in th
direc
thei
s (e.g
et al
2014; Ling and Zhang, 2014a,b; Nurmi et al., 2005; Sarathy
et al., 2008). Scanning electron microscopy coupled with X-ray
istin-
rganic
ersive
ental
ctron
e and
elop-
nZVI
ently,
ission
of a
etals
hang,
ed to
ticles,
men-
ilities
, and
edia,
ties of
et al.,
urface
nd its
Li and
; Yan
tech-
most
ticles.
ecial-
rapid,
toring
these
ich is
et al.,
iques
es are
et al.,
ential
loped
s. The
ty of
, etc.
ising
other
le to
imul-
014).
ction
these
ction,
ough
anced
e and
real-
ies of
21Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35Depending on the method of sample collection and p
vation, a wide variety of sample characterization method
be useful for determining the fate and effects of nZVI. For
detection of any type of anthropogenic nanopartic
environmental media, there are few sensitive and sp
methods and there is no proven and widely-used protoc
direct detection of nZVI in the field. Electron microscop
spectroscopy, color and absorptivity, and total iron
standard colorimetric procedures) are among the most
direct detection methods.
Instead, the field studies reported so far (as well as
laboratory column studies) have relied mainly on moni
methods that are indirect in that their response i
necessarily due to the nZVI per se but rather is mediat
products of reactions between nZVI and the medium.
reactions consume dissolved O2 and reducible contam
(sometimes generating diagnostic products), generate Fe
species and H2, increase the pH, and lower the oxida
reduction potential (ORP). Thus, the nZVI impacted zon
be delineated by (1) changes in water chemistry param
such as pH and dissolved O2, H2, and Fe2+ or (2) chan
electrometric properties such as ORP and complex cond
ity. In the following two sections, we discuss both direc
indirect methods for characterization of the fate and effe
nZVI.
6. Direct methods for characterization of the fate and
effects of nZVI
To fully characterize the field-scale transport of in
nZVI, some methods must be employed that can directl
unequivocally detect the presence of Fe0 (i.e., nZVI tha
most partially oxidized). For this, the first step in
sampling and sample handling in such a way as to pre
even small quantities of Fe0 in small particles. Then, Fe
be identified using a combination of direct micro
and spectroscopic techniques, including scanning ele
microscopy (SEM), transmission electron microscopy (
Mössbauer spectroscopy, X-ray photoelectron spectro
(XPS), etc. These methods can provide definitive eviden
the presence of nZVI, but they are not practical for ro
application to non-research projects in the field. In add
there are other techniques with possible, but not yet de
strated, applications to nZVI detection, such as field
fractionation interfaced to inductively coupled plasma
spectrometry (FFF/ICP-MS) and flow cytometry.
For field work, the methods often interpreted as evi
for nZVI are less direct than the electron microscopi
spectroscopic methods. These include total iron, absorpti
wavelengths indicative of iron species (see below), and
inspection for coloration that can be routine analyses
field for nZVI detection.
6.1. Microscopic and spectroscopic techniques
Electron microscopy has been employed to provide
measurement of the properties of nZVI particles and
interactionswith environmentalmatrix and contaminant
Baer et al., 2008, 2010a,b, 2012; Kanel et al., 2006; Kocur-
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fluorescence analysis (SEM/XRF) is routinely used to d
guish sub-micron nZVI particles from aquifer and o
materials, and the chemical imaging by energy-disp
spectroscopy (EDS) coupled to SEM can provide elem
compositions of selected nZVI particles. Transmission ele
microscopy has been widely used to measure the siz
morphology of nZVI particles and the aggregates. The dev
ment of TEM has provided the capability of detecting
particles from nanoscales to angstrom scales. Most rec
by using spherical aberration-corrected scanning transm
electron microscopy (STEM), the core–shell structure
single nZVI particle and its interaction with heavy m
can be visualized at the angstrom scales (Ling and Z
2014a,b).
Advanced spectroscopic techniques can be also us
characterize the chemical compositions of nZVI par
especially under the impact of contaminants and environ
tal media. Mössbauer spectroscopy has unique capab
for identifying iron mineral phases, valence distribution
structural environment of iron in various environmentalm
and has been used to characterize the dynamic proper
nZVI particles (Filip et al., 2014; Kanel et al., 2006; Petala
2013). X-ray photoelectron spectroscopy is another s
sensitive technique for nZVI surface characterization a
interactions with heavy metals (Baer et al., 2008, 2010b;
Zhang, 2007; Martin et al., 2008; Nurmi et al., 2005, 2011
et al., 2010a,b, 2012).
The above electron microscopic and spectroscopic
niques, especially when used in combination, provide the
direct and definitive characterization of nZVI derived par
However, because they are ex situ analyses requiring sp
ized instrumentation, they do not provide the kind of
routine, and efficient detectionmethods needed formoni
nZVI deployments in the field. Furthermore, most of
methods require considerable sample preparation, wh
difficult to do without significant sample alteration (Baer
2012;Nurmi et al., 2011). Newelectronmicroscopic techn
suitable for in situ detection of engineered nanoparticl
being developed (Benn and Westerhoff, 2008; Kent
2014), but sample preparation is still required and a pot
source of misleading results.
Other techniques based on ICP-MS have been deve
for nanoparticle detections in environmental sample
FFF/ICP-MS has been used for detecting a varie
nanoparticles including Ag, iron (hydr)oxides, TiO2
(Plathe et al., 2013; Poda et al., 2011), making it a prom
technique for direct measurement of nZVI particles. An
technique, single particle ICP-MS (spICP-MS), is ab
quantify the size and concentration of nanoparticles s
taneously, even at very low concentrations (Lee et al., 2
Although, no application of these methods to nZVI dete
has been reported, to our knowledge, it is possible that
ICP-MS based techniques may be suitable for nZVI dete
at least for laboratory-based research. Similarly, alth
not yet having been used for nZVI detection, adv
flow cytometry methods coupled with fluorescenc
electrochemical detection may provide an efficient,
time means of identifying the presence of nZVI in stud
groundwater applications.
6.2. Color and absorptivity
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22 Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35The presence of nZVI, especially at relatively high co
trations, can be judged simply based on the color of
samples (Johnson et al., 2013). Black or dark water sa
from monitoring wells indicate the presence of nZVI,
lightly coloredwater indicates the absence of nZVI (if colo
or presence of nZVIOX (if yellow) only. For freshly-pre
CMC–nZVI in laboratory, nZVI is visually evident at conc
tions as low as ~10 mg L−1. In field samples, this num
expected to be higher due to the background color fromn
dissolved or colloidal materials. Furthermore, when sign
nZVI is apparent from inspection of water sample
(i.e., suspensions are black), it is possible that there has
significant oxidation of nZVI to nZVIOX (due to NRD) and
inspection of sample color is not a sensitive, or quanti
way to detect this change (Johnson et al., 2013).
Absorptivitymeasured by UV–Vis spectrometry can b
to quantify concentrations of nZVI in water samples
appropriate calibration with nZVI standards (Johnson
2013; Phenrat et al., 2007). Absorbance at 508 nm has
used for this purpose in a number of studies (Basnet
2013; Kocur et al., 2013, 2014; Phenrat et al., 2007; Saleh
2008). However, this absorbance is fairly close to the isos
point of absorbance curves for nZVI oxidation to nZVIox (F
Based on the results shown in Fig. 3, and additiona
siderations discussed in Johnson et al. (2013), absorba
800 nm can be attributed entirely to nZVI and we chose
absorbance at 800 nm to characterize breakthrough of
nZVI during a pilot scale, field test (Johnson et al., 2013
found that thismeasurement—with calibration on appro
standard solutions— compared to independentmeasure
of total iron by other colorimetric methods (see below)
sensitive and efficient protocol for characterizing the qu
and condition of transported nZVI under field conditions
6.3. Total iron
Total iron measurement by conventional colorim
methods is another routinely used method for moniFig. 3. Absorbance of nZVI suspensions with various degrees of oxidation by ti
evaluated wavelengths marked with dashed lines and (b) response curves fit
and nZVIox — left and right, respectively — and the oxidation reaction is simp-
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approach has become one of the most commonly
methods to evaluate nZVI transport. This method can
be applied if the background concentration of dissolve
colloidal) iron is low compared to nZVI dose, but this con
should be satisfied if the emplacement is at all successfu
major shortcoming of total ironmeasurement is that it do
differentiate nZVI from other oxidized iron species, su
dissolved Fe(II), Fe(II) or Fe(III) oxides. This issue has
mostly ignored in many column (and some field) stud
nZVI transport, some of which rely on total iron as the pr
parameter to assess nZVI transport (Esfahani et al.,
Jiemvarangkul et al., 2011; Laumann et al.,
Raychoudhury et al., 2014; Wei and Li, 2013). Operatio
this might be justified because well-prepared and stab
nZVI suspensions, particularly those of CMC–nZVI, cann
separated into dissolved and particulate phases by centr
tion or filtration. However, the small size and high reacti
CMC–nZVI can magnify this problem because faster
dissolution in water, as discussed earlier, might occur
within the time frame of typical laboratory column e
ments. At the pilot and field scale, it has already been s
that the NRD of the subsurface porous media will oxidiz
all the way to Fe(III). Therefore, total iron measur
alone might result in significant overestimation of quan
nZVI being delivered, and thus must be coupled with
techniques, such as UV–Vis or chemical redox p
(discussed later), in order to give a complete and un
characterization of nZVI transport.
7. Methods for indirect characterization of the fat
effects of nZVI
Most of the methods used for nZVI characterizatio
indirect, in which the presence or properties of nZV
characterized based on the changes of water chem
parameters (e.g. Fe2+, pH, DO, H2, CoCs) or electrom
properties of impacted environments (e.g. ORP, co
conductivity) due to reactions driven by nZVI. Individtration with air (volumes of air are indicated in the legend). (a) Absorbance spectra with
ted to sigmoid calibration model (assuming the plateau absorbances reflect purely nZVI
ly nZVI→ nZVIox).
each of these parameters is evidence only for “impacts” of nZVI
emplacement, not the actual presence of nZVI, or even nZVIox.
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23Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35However, when considered in combinations, as complem
ry indicators, the parameters can provide evidence for bo
occurrence (delivery) and effects (reactivity) of nZVI
injection zone and nearby areas of the subsurface.
7.1. Total dissolved iron
The dissolved product of nZVI oxidation is mainly
species because Fe(III) is negligibly soluble in water. Incr
concentrations of dissolved Fe(II) are usually observed d
field deployments of nZVI, and dissolved Fe(II) can accou
themajority of measured total iron in field water sample
nZVI injection (Elliott and Zhang, 2001). Upon further o
tion (e.g., due to NRD), Fe(II) is oxidized to various
(hydr)oxides, depending on the reaction conditions (F
These products have been characterized extensively i
laboratory, but much less data is available from field st
The stability of dissolved Fe(II) and Fe(III) may be incr
by ligands present in the groundwater, including diss
organic matter.
To analyze total dissolved iron, water samples are fi
through membrane filters, typically with 0.2 or 0.45 μm
size. However, some nZVI particles stabilized by o
polymers, such as CMC–nZVI, are smaller than the pore s
most membrane filters used in the field, even after expos
subsurface media (He et al., 2007, 2010; Kocur et al., 2
Therefore, under these conditions, it is not feasible to sep
truly dissolved iron from total iron. In addition, consideri
abundance of iron minerals in natural environment
complex iron biogeochemical cycling in the subsurfac
total dissolved iron is likely affected by other backg
reactions/processes, especially at sample locations rela
distant from injection wells. In practice, dissolved iron an
is often coupled with total iron measurements (as des
above), with the difference providing one preliminary ind
of iron speciation.
7.2. pH
Corrosion of nZVI consumes H+ and/or releases
(Fig. 1), usually resulting in elevated pH, with pH val
9–11 being common in laboratory studies with unbu
suspensions of nZVI (Zhang, 2003). The effect of nZ
groundwater pH is moderated by the buffer capacity
subsurface media as well as the distance of monitoring
to the nZVI injectionwells (Elliott and Zhang, 2001; Kocur
2013; Wei et al., 2010). Therefore, while it is typical f
to increase 2–3 units in the vicinity of injection wells,
samples from monitoring wells frequently show little
change in pH (Wei et al., 2010). Where nZVI bec
completely oxidized, the groundwater pH could even
recover to the pre-injection values. Taken together,
factors make pH changes an aggregate indicator of im
fromnZVI, but not one that is diagnostic of any particular
7.3. Dissolved oxygen
The reaction between nZVI and DO is the fastest amo
the reactions that typically contribute to NRD in ground-
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2013; Kocur et al., 2014). A rapid decrease of DO in gr
water is a good indicator of successful emplacement of
but not necessarily the breakthrough of nZVI, as the a
of nZVI usually occurs after complete consumption o
Additionally, low values of DO do not necessarily indica
persistence of nZVI within the impacted zones if th
significant NRD due to natural processes that may contin
react with nZVI. Dissolved oxygen at the monitoring
may recover to background values with time, due t
of reactivity for the injected nZVI and/or mixing with
groundwater.
7.4. Concentration of contaminants
Ultimately, the most important indicator of the succ
nZVI emplacement is degradation of contaminants, th
indicator of which is usually lowering contaminant conc
tions inmonitoringwell water samples. nZVI causes remo
most organic contaminants by reduction and inorganic
taminants by a combination of reduction and sequest
processes. The reductive dehalogenation of chlorinated o
compounds by Fe0 has been studied in detail since the
work by Matheson and Tratnyek (1994), and these rea
have been demonstrated using nZVI under field cond
(Elliott and Zhang, 2001; Glazier et al., 2003; He et al.,
Wei et al., 2010). The sequestration of heavy metals by n
also verywell characterized in laboratory studies (Li and Z
2007; Ling and Zhang, 2014a,b; O'Carroll et al., 2013; Yan
2012), and field applications are being explored.
In addition to degradation or sequestration bydirect c
with Fe0 associatedwith nZVI, there are a variety ways th
effects of nZVI emplacement could indirectly cause con
nant removal. These include contaminant reaction with
that is depleted of Fe0 but still composed of reactiv
reducing solid phases, Fe(II) from Fe0 corrosion tha
migrated to and adsorbed onto other aquifer solid su
etc. These removal mechanisms still contribute to o
remediation of the site contamination, but complicat
interpretation of contaminant data as evidence for
transport. Furthermore, nZVI emplacement could
apparent contaminant concentrations simply by displace
or dilution of contaminated water, and these generally a
evidence of successful remediation.
7.5. Conservative tracers
Tracers that are non-reactive (i.e., not subject to sign
sorption or transformation) usually have been used pr
and/or during nZVI injections to help determine the dis
tion of the mass of fluid injected during nZVI emplace
This information is usually interpreted in the conven
fashion: as an indication of the hydrological response
system to perturbation by fluid injection. The tradi
conservative tracers, such as bromide ions and fluore
have been applied in this way (He et al., 2010; Johnson
2013; Kocur et al., 2014), although it must be recognize
the high reactivity of nZVI could cause transformation of
tracers (e.g., degradation and quenching of fluorescein fl
cence). Additionally, some species that arise from the prepa
of nZVI, such as sulfate, borate, and chloride ions could serve as
“semi-conservative” tracers of nZVI impacted fluids in situ. In some
aterial,
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7.8. Potentiometry and voltammetry: ORP measurements
P — is
nZVI
reting
mple-
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ts into
Fig. 4. Reduction kinetics of indigo disulfonate (I2S) by mixtures composed of
different amounts of CMC–nZVI and aqueous Fe(II) with 10 mg L−1 total iron
concentration monitored by UV–Vis spectrophotometry (pH= 7.2 buffered by
10 mM HEPES; initial [I2S] = 140 μM).
24 Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35cases, when nZVI is formulated with a distinctive carrier m
the carrier canbeused as a tracer, suchashas beendonewit
supported on carbon colloids (Busch et al., 2014a,b; Mac
et al., 2012).
7.6. Dissolved hydrogen
The concentration of dissolved H2 in groundwater is u
low, because it is limited by various microbiological pro
including denitrification, iron reduction, sulfate reductio
methanogenesis (Blodau, 2011). However, the reactio
tween nZVI and water can produce significant quantit
H2, so elevated H2 concentrations in groundwater mig
observed as a result of nZVI injection. With time, H2
centrations are expected to be lowered back to backg
levels due to microbial utilization of H2 as an electron d
While measuring H2 concentration is not often done d
nZVI emplacement, redox potentials are often measure
they are strongly affected by H2. This was demonstrated
previous study (Shi et al., 2011) and is discussed belo
Section 7.8.
Another use of measured H2 concentrations is
mentioning here because it is complementary. Product
H2 by reacting nZVI with acid has been used as an assay f
Fe0 content of nZVI (Kocur et al., 2014; Phenrat et al., 2
based on the assumption that none of the iron (hydr)o
that result from Fe0 are capable of further reduction of
This assay has been implemented in a commercial dev
verifying the integrity of nZVI preparations in the field
deployment (http://www.nanoiron.cz/en/nzvi-tester).
7.7. Redox active probes
Redox active chemical probes are compounds that un
fast, usually reversible, and diagnostic reactions in respo
redox conditions. In most cases, the oxidized and re
forms of a probe redox couple have distinct UV–Vis absor
or fluorescence spectra, which allows direct and easy mo
ing of redox conditions by spectrophotometry. Redox
chemical probes have long been used to characterize the
conditions of biogeochemical systems, including sedi
(Tratnyek et al., 2001), groundwater (Jones and Ingle,
2005) and, more recently, Fe(II) bearing pure mineral p
(Orsetti et al., 2013). However, applications of this app
havemostly been limited to laboratory studies and its po
application to detection and characterization of nZVI in
applications has never been explored.
Amajor advantage that redox probes have over colorim
iron assays and electrode measurements of redox po
(discussed above and below, respectively) is the possibilit
chemical redox probes can be designed to differentiate a
various redox active species in multi-component media,
on the reactivity between chemical probes and v
environmental reductants. For example, it is shown late
both nZVI and H2 give strongly negative ORP when mea
with a platinum (Pt) electrode. But while nZVI rapidly re
chemical redox probes, the redox probes do not react
dissolved H2 (alone, in the absence of activation, such as
catalytic noblemetal). Fig. 4 illustrates another example,.
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Fe(II) and by Fe0 from CMC–nZVI. In these batch k
experiments, I2S was added to the mixtures compos
different amounts of CMC–nZVI and aqueous Fe(II) wi
same total iron concentration equal to 10 mg L−1. Over
the change in absorbance was monitored at 610 nm,
is the maximum absorbance wavelength for oxidize
(Tratnyek et al., 2001). It can be seen that I2S was not re
at all by aqueous Fe(II), but increasing the concentrat
CMC–nZVI reduced the plateau absorbance, suggesting
total reduction of I2S. Thus, these results allow the k
(reduction rate constant) and capacity (plateau concentr
aspects to be extracted from the data to quantify the amo
Fe0. The selectivity of I2S to Fe0 may prove to be a useful w
distinguish Fe0 and aqueous Fe(II), which is difficult to a
by solution iron or ORP measurements. Because the co
tration of this probe can easily be measured with a
portable UV–Vis spectrophotometer, this technique can p
tially be deployed in the field to monitor de
and transformation of CMC–nZVI. However, achievin
full potential of chemical redox probes for characteriz
situ redox conditions will require further developmen
validation.s
t
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e
Potentiometry — especially for measurement of OR
one of the most widely used indirect methods for
detection in the field. Despite the complexity of interp
ORP results (O'Carroll et al., 2013; Shi et al., 2011), co
mentary potentiometric and voltammetric methods, co
with iron analysis, are useful because they provide insigh
the reactivity and transport of nZVI in porous media.
The introduction of nZVI into the subsurface should
create strongly reducing conditions in the impacted region,
e ORP
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25Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35and this region is often demarcated by highly negativ
values obtained in monitoring well water samples.
ORP measurements have almost always been made
conventional combination ORP electrodes, which contai
working electrode and a reference cell. ORP valuesmeasu
this way usually are very low (typically−400 to−600 m
SHE) near the injection well and increase with dis
from the injection point, eventually up to levels typi
unimpacted groundwater at the site (Elliott and Zhang,
Glazier et al., 2003; He et al., 2010; Henn and Waddill,
Johnson et al., 2013; Kocur et al., 2014). Despite the app
simplicity of this method, overall conformity of the result
expectations, and frequent application of this approa
laboratory and field studies, there are a multitude of pot
pitfalls that must be avoided if ORP is to be a useful meth
characterizing nZVI emplacement.
Many of the fundamental issues with interpre
of measured ORPs stem from the fact that they are
potentials (Emix) that include the contributions of all the
couples in the system weighted by their exchange c
densities (i0), which effectively quantifies the sensitivity
electrode to each redox couple. In the standard definit
Emix (Eq. (1)), it is also assumed that each individual
couple is described by the Nernst equation, although this
usually true for some relevant redox couples (nitrate/amm
sulfate/sulfide, etc.).
Emix ¼
Xm
i¼1
i0i
 X
i0i
  E
0
i−
RT
ni F
Redif g
Oxif g Hþf ga
 
For each half-reaction between reduced species (Red
oxidized species (Oxi), Eq. (1) includes the correspo
values of exchange current density (ii0), and the stoichiom
coefficients for electrons (ni) and protons (a). The implic
of Eq. (1) for the interpretation of ORP measurements in
impacted waters were developed thoroughly in Shi
(2011) and these results have been applied in several
recent studies (Adeleye et al., 2013; Su et al., 2014). In ge
the major half reactions contributing to Emix in the preseFig. 5. Interactions/reactions between an electro
Reprinted with permission from Shi et al. (2011e
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In systems containing suspended nZVI, we showed
an additional factor plays a very large role in affectin
measurement: the deposition of nanoparticulate iron on
electrode surface, resulting in a surface film that can tran
the response of theORP electrode (Shi et al., 2011). The ra
possible interactions that the electrode responds to is su
rized in Fig. 5. To resolve the contributions of these interac
we have made ORP measurements using a variety of elec
configurations: including stationary electrodes (STEs), ro
disc electrodes (RDEs) (Shi et al., 2011), and flow-throug
electrodes (FCEs) (Johnson et al., 2013). A cross-section o
and old results obtained by these methods is discussed
following three sections.x
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electrode in the field (e.g., by immersing the Pt electrod
a freshly collected sample of groundwater), the effects o
particle settling and the deposition of nZVI on elec
surfaces are usually overlooked. It is likely, however
these effects are not negligible, based on the general con
ations summarized in Fig. 5. To evaluate the significan
these effects, and develop a verified basis for interpretin
measurements in nZVI containing systems, data from
trolled experimental measurements are essential. We s
an extensive study of ORP measurements on nZVI suspen
in Shi et al. (2011) and additional results are reported be
Fig. 6 demonstrates the effect of settling on ORP mea
in suspensions of nZVI. In this experiment, two Pt STEs
positioned at different depths in an unstirred nZVI suspe
andORPwas recorded at both electrodes over time. The r
headspace was purged with Ar to avoid O2 diffusion
the reactor. During the measurement period, settling
nZVI was visually evident and the ORPs rebounded aft
front of particles settled below each Pt electrode s
(Fig. 6). Clearly this result demonstrates that ORP me
ments are very sensitive to the proximity of nZVI t
electrode, although the detailed interpretation of this cha
electrode response must take into account the wholede, aqueous solution, and nanoparticles of zerovalent iron.
). Copyright 2011 American Chemical Society.
of effects shown in Fig. 5 (Shi et al., 2011). The practica
implication of this result is that ORP measurements on nZV
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Fig. 6. ORP measured by two Pt electrodes located at different depths in a
unstirred nZVI suspension. The suspension was fully mixed when th
electrodes were first immersed (t = 0) and the front of settling nZVI passe
the top and bottom electrodes at ~325 and 850 min, respectively. Th
suspension was 50 mg L−1 RNIP-10DP (same as in Shi et al. (2011)) i
3.33 mM bicarbonate buffered DO/DI water.
26 Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35impacted water samples must be done in a way tha
sistently controls the effects of particle settling (and pro
also aggregation and agglomeration).
7.8.2. ORP: rotating disc electrodes
An RDE provides controlled mixing, and we found tha
mixed suspensions of nZVI can be obtained at rotation
greater than 4000 RPM with a 3 mm RDE (using 200 m
RNIP-10DP) and other conditions detailed in Shi et al. (2
Under these conditions, the effect of nZVI settling is minim
and interfacial mass transfer at the electrode is maxim
which allows controlled and reproducible ORP measure
(Shi et al., 2011), thereby providing the best opportun
rigorous interpretation of the results of ORP measureme
nZVI suspensions.
During measurements with an RDE, the ORP of the
suspension decreased quickly with time and then appro
the lowest value (ORPmin) under anaerobic condition
et al., 2011). The relationship between ORPmin values and
concentrations was established based on nZVI coverage
electrode surface (Shi et al., 2011),
ORPmin ¼
ORPlimK
0
d nZVI½ 
1þ K 0d nZVI½ 
in which ORPmin is the lowest ORP value recorded b
electrode at one specific nZVI concentration. The ORPlim a
are model parameters that depend on the properties of
the electrode, and the operational conditions.
As indicated by Eq. (2), the ORPmin values gave a Lan
type dependence on the nZVI concentrations: ORPmin
quickly decrease with the increase of nZVI concentrl
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tionally. While Eq. (2) establishes the direct relatio
between ORP measurements and nZVI concentration
oxidation of nZVI likely affects the ORP measurements
time. Even at very low nZVI concentrations (e.g. b50 mg
our RDE measurements showed lower ORP values (Shi
2011) than those observed in field monitoring wells cl
the injection wells with significant nZVI breakthrough
Johnson et al. (2013)). This suggests that the deposit
oxidized nZVI particles on the electrode surface is imp
in interpreting ORP measurements under field cond
and this important conclusion is discussed further b
Building on this result, time-dependent ORP measure
have recently been used to explore the reactions among
NO3−, and nZVI particles, since ORP was affected b
transformation of nZVI particles deposited on the ele
surfaces and the different redox reactions involving Pb2+
and iron species in the measured systems (Su et al., 201
To further investigate how ORP measurements are
enced by transformation of nZVI particles deposited o
electrode surface, we conducted linear sweep voltam
(LSV) experiments in the same RDE reactor that we repor
our previous study (Shi et al., 2011). In these experimen
reactor headspace was purged with Ar, and then the pu
was stopped to allow air to slowly reenter the cell and o
the nZVI. At selected times, LSVs were measured, by sca
from−1.0 to 0 V (vs. Ag/AgCl) at 10 mV s−1. That LSV da
presented below as a Tafel plot (log |i| vs. E), wher
corrosion potentials (Ecorr) are located at the singul
(where i = 0). Initially, the ORP recorded by RDE decr
quickly and approached a minimum value around −64
consistent with ORP measurements made by other me
(e.g., as shown in Fig. 6). The small peak at 7 min is due
LSV experiment performed at that time. The ORP only sta
this low value briefly, and then rebounded (Fig. 7a), in th
due to the oxidation of nZVI. At selected times along the
in Fig. 7a, Ecorr was recorded, and it shifted toward
positive values with time (Fig. 7b). The shift in Ecorr su
progressive oxidation of nZVI particles that deposit on
electrode surface, which in turn suggests that some of th
in ORP shown in Fig. 7a is due to changes in the composi
the nZVI in the reactor. These two sets of potentials —
obtained with the RDE and Ecorr obtained by LSV— form
linear correlation (Fig. 7c) over the range of the data coll
Deviations from this linear correlation are expected, how
over a broader range of conditions, where there is
opportunity for differential contributions of the various
represented in Fig. 5, such as the kinetic effect of ele
responses in nZVI suspensions during the first fewminute
et al., 2011).
7.8.3. ORP: ﬂow-through cell electrodes
To extend the results we obtained with an RDE (Shi
2011) to flow conditions (to simulate a scenario
groundwater from the monitoring well is analyzed co
ously), we used an FCE system to measure the ORP of s
well waters pumped during a pilot scale nZVI injectio
(Johnson et al., 2013). The FCE system was set up wit
3 mm working electrodes, one Pt and one glassy carbon
which allowed simultaneous monitoring of ORP continu
n
e
d
e
n
throughout the experiment with both electrode materials. In
other aspects, the FCE is similar to the RDE in that it should
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Since RNIP-M2 was less mobile, we selected CMC–nZVI for
use in most subsequent column studies, following protocols
lumns
sand
sed in
raulic
erally,
total
what
CMC–
d, was
to the
r total
f iron
trode
g the
n the
these
which
small
Fig. 8. Comparison between ORP (obtained with an FCE containing Pt and GC
working electrodes) and total iron after the addition of nZVI (CMC–nZVI and
RNIP-M2) to a glass column (2.54 cm i.d., 15.2 cm length) packed with 0.5 mm
glass beads. Flow rate was 1 mL min−1.
Fig. 7. Comparison of (a) ORP obtained with a Pt RDE, (b) Ecorr obtained by LSV, and (c) the correlation between the two. Time in this experiment represents the nZVI
oxidation due to oxygen intrusion. Performed with 200 mg L−1 RNIP-10DP in 3 mM bicarbonate media.
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settling. Since the exchange current densities (i0) fo
various redox couples are different between Pt and GC, th
system configured with both working electrodes ha
potential to help characterize a number of effects of nZV
are not well understood, including those involving diss
H2, NRD, and nZVI deposition onto ORP probes.
Combining ORP measurements using an FCE and tota
analysis, we first investigated the transport of two repre
tive nZVI suspensions, RNIP-M2 and CMC–nZVI, in a clear
laboratory column (2.54 cm i.d. glass column, 15.2 cm le
packed with 0.5 mm glass beads. Before each experimen
column was flushed with 3.33 mM deoxygenated NaHC
remove any background turbidity and dissolved O2. Th
(with freshly polished working electrodes) was connec
the column effluent and ORP was monitored continu
The FCE effluent was collected with a fraction collector
5 min time steps, and analyzed for total iron. Each exper
was initiated by injecting the nZVI suspension int
column using a ceramic pistol pump at the fixed flow
(1 mL min−1) from a reservoir of nZVI suspension. The
suspension was continuously sparged with Ar and mix
an RDE, which also served to monitor the ORP of the
suspension (Shi et al., 2011).
The results of these column tests (Fig. 8) show
changes in ORP and total iron concentrations approxim
when a front of weakly retarded species would be exp
to breakthrough (in this case, 0.64 pore volumes ≈ 20
Note that the ORP dropped and the total iron concent
increased at approximately the same time. Using CMC–
both GC and Pt electrodes give ORP values that agree c
The low plateau values, around −600 mV vs. Ag/AgC
typical for ORP of nZVI suspensions under anoxic cond
with negligible NRD. In contrast, RNIP-M2 was less mob
the column,withmost of the nZVI depositing in the first 4
the column (based on visible color). The ORP of this col
effluent only decreased to about −300 mV vs. Ag
suggesting that the dominant redox couple under
conditions was Fe2+/Fe3+. As with CMC–nZVI, there wa
difference between ORP values of GC and Pt electrodes
RNIP-M2.I
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e
similar to those used for Fig. 8, except using the co
(2.22 cm i.d. plastic column, 17.8 cm length) packed with
from the large experimental aquifer program (LEAP) u
our previous field-scale tests (grain size = 0.3 mm; hyd
conductivity = 0.02 cm s−1) (Johnson et al., 2013). Gen
the results show patterns of ORP changes (Fig. 9a) and
iron breakthrough (Fig. 9b) with time that are similar to
we observed in the glass bead column experiments with
nZVI injection. The breakthrough of total iron, as expecte
proportional to the initial nZVI concentrations injected in
column (Fig. 9b). The ORP values stayed low even afte
iron breakthrough dropped, mainly due to the coating o
nanoparticles (nZVI and nZVIox) deposited on the elec
surface. However, the results also show that varyin
influent concentration of CMC–nZVI had little effect o
ORP of the GC or Pt FCE (Fig. 9a), probably because
experiments were all done at relatively high nZVI doses,
corresponds to the ORPlim case described by Eq. (2). The
difference in ORPmin with nZVI concentration (Fig. 9a) may also
be because CMC–nZVI was rapidly oxidized by the sand (due to
ZVIo
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Fig. 9. Breakthrough curves obtained by introducing CMC–nZVI in columns (2.22 cm i.d. and 17.8 cm length) packedwith LEAP sand,monitored by (a) ORPwith an FCE
and (b) total iron in the effluent. nZVI concentrations are shown in the legend. Flow rate = 0.84 mL min−1.
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coating on the electrode surface, which created a co
environment at the electrode interface affecting the ORP
surement regardless of the total quantity of iron in the col
Anothermajor feature of the data in Fig. 9a is that the
gave significantly lower ORP values compared with that
GC FCE. This difference can be attributed to the effects o
dissolved H2 as discussed in our previous study (Shi
2011) and NRD of the sand, which results in the form
of iron oxide coating on the electrode surface. Unde
conditions of these experiments, dissolved H2 domina
FCE response and resulted in low ORP values with the P
irrespective the iron oxide coating. Since the GC F
insensitive to dissolved H2, the iron oxide coating dom
the response, resulted in significant higher ORP. Add
evidence for oxidation of nZVI by the sandwas presented
previous study on nZVI transport at the field scale (Jo
et al., 2013). As a further check on our interpretations
FCE electrode response in terms of iron oxide coating
dissolved H2, we conducted experiments in whichwe po
the FCE at intermediate times during the column experim
As shown in Fig. 9a for 756 mg L−1 CMC–nZVI, polishin
FCE resulted in a significant drop in ORP measured with t
FCE (due to removal the iron oxides coating), and little c
in the ORP of the Pt FCE (because dissolved H2 is unaffec
the surface coating).
Our interpretation of the results obtained with the FC
sand columns (Fig. 9a) also provides additional insight in
results obtained in the glass bead column experiments (
where NRD should be negligible. For the glass-bead co
experiments with CMC–nZVI, the measured ORP valu
relatively negative and consistent with the range of exp
ORPs calculated for the dissolved H2 concentrations in w
impacted by ZVI corrosion (as described in Shi et al. (201
elaborated further below). However, in contrast to the r
obtained with the sand column, the glass bed column
little difference in the ORP measured with Pt and GC (cf.
and 9). This result is consistentwith the lack of NRD in th
bead column, so the nZVI was sufficient to produce thx
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To further investigate the effect of NRD in the LEAP sa
nZVI transport, we conducted column experiments sim
those shown in Fig. 9, but with nZVI introduced as a se
four 10 min CMC–nZVI pulses (8.4 mL of 70mg L−1 CMC
for each pulse). The pulses were applied consecutively w
disturbing the column, but the FCE electrodes were po
between each pulse (the FCE cell is external to the column
hypothesized that the NRD of the LEAP sand wou
consumed by the sequential nZVI injections, thereby all
more reduced nZVI to reach the end of the colum
decreasing the amount of nZVIox in the column effluent.
on the results of experiments described above, we expec
the decrease in nZVI to nZVIox conversion in the column
result in more reduced (or less oxidized) material depo
on the electrodes in the FCE, and that this would cause th
measured by GC FCE to becomemore negativewith each
cleaning cycle (because it is dominated by the iron ph
whereas there would be little change in ORP from P
(which is already low due to the contribution of H2).
The data obtained from the pulsed column experi
(Fig. 10) support the hypothesized behavior. There wa
difference between ORP measured by the Pt FCE for dif
nZVI injections (Fig. 10a), consistent with Emix at the P
being dominated by dissolved H2 and relatively unaffec
the extent of iron oxide formation on the electrode surfa
the GC FCE, which is insensitive to the H2/H+ redox c
the ORP kinetic curves shifted down with more nZVI
injections (Fig. 10b) because there is more breakthrou
nZVI from the columns after previous injections have
sumed the NRD of the column packing material. The l
ORP observed during each nZVI pulse injection were clo
the first two injections, about −200 mV, indicating
breakthrough of nZVI and that the GC FCE respons
dominated by Fe2+/Fe3+ redox couples. After two
injections, the minimum ORP gradually decreased to
−500 mV, indicating an increasing contribution of nZVI
FCE response.
Overall, the results ofmonitoring columneffluentORP
an FCE (Figs. 8–10) suggest that this may be a worthwhil
to obtain real-time evidence on breakthrough of nZVI impacted
fluids. Comparison of ORP measured with Pt and GC in an FCE
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of th
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Fig. 10. Continuousmonitoring of ORP of CMC–nZVI during column transport with pulse nZVI injection: (a) Pt FCE and (b) GC FCE. For each injection, 70 mg L−1 CMC–
nZVIwas injected for 10min and then followed by110min 3.33mMNaHCO3. The same injectionwas repeated four times and the FCEwas polished between injections.
Flow rate is 0.84 mL min−1.
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on the electrode surface and this can serve as an indicator
aquifer NRD and the degree of nZVI oxidation by the
However, correct interpretation of these data requires c
consideration of the complicating factors discussed a
including the selective response of different electrodema
to various redox couples, the unknown and possibly va
contributions of some redox couples to the electrode
potential, variable sensitivities of electrodes to particles
different size distributions, and the deposition of nZVI
oxidation products onto the electrode surface resultin
surface with altered properties. The detailed interpretatFig. 11. The effect of dissolved [H2] on ORP of Pt electrode calculated wit
Nernst equation at various pH values (1 atm and 22 °C).
Modified from Shi et al. (2011).e
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information provided by simultaneous measurement o
with Pt and GC electrodes.
One aspect of this problem that we have investiga
even further detail is the contribution of dissolved H2
corrosion of Fe0) to the measured ORP (Shi et al., 2011
theoretical Eh of the H+/H2 couple was calculated as a fu
of pH2 and pH (Fig. 11), and we annotated this result
approximate regions corresponding to relevant environm
scenarios. When controlled by natural microbiological pr
es, the calculated Eh based for the H+/H2 couple is be
−0.3 V and−0.6 V (vs. Ag/AgCl) for typical groundwate
whereas for groundwater impacted by Fe0 corrosion, boh Fig. 12. Impact of varying dissolved [H2] on ORP measured with a Pt flow-
through cell electrode (3 mM NaHCO3 at pH = 8.4 and flow rate =
2 mL min−1).
and H2 concentrations will be higher, which corresponds to
calculated Eh values between−0.6 V and−0.8 V (vs. Ag/AgCl)
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To test the theoretical model represented by Fig. 1
measured ORP as a function of H2 concentration using a P
and the results are shown in Fig. 12. For these experimen
gas was dissolved in the 3.33 mM NaHCO3 solution at p
and then the solutionwas continuously pumped into the
a fixed flow rate (2mLmin−1). TheORPmeasuredwith th
was continuously recorded over time. As shown in Fig. 1
ORP measurements were affected by both the H2 co
tration, as expected based on the Nernst equation, an
kinetics, presumably due to the mass transfer proce
relatively high H2 concentrations, the ORP of the Pt ele
can approach aminimal value within a fewminutes. Ther
it is expected that, in the nZVI suspensions, dissolv
will play a major role in determining the response of
electrode (Shi et al., 2011). However, in the fiel
monitoring wells in which no significant nZVI was obs
the dissolved H2 concentrations are likely low and the i
on ORP measurements is expected to be minimal beca
slow kinetics at low H2 concentrations (Fig. 12).
Overall, our studies on ORP measurements using STE
and FCE highlight the precautions that must be taken
interpreting ORP measurements of water samples cont
nZVI in both laboratory and field studies. In addition
mixed potentials arising from multiple redox couple
deposition of nZVI particles on the electrode surface an
settling of nZVI particles should be carefully considered
conducting ORP measurements and interpreting the r
Dissolved H2 appears to play an important role in affect
electrode response, but its impact is dependent on t
concentrations (and therefore the concentrations of nZV
kinetics. Based on our results, electrode cleaning prior t
during the measurements is crucial in order to evalua
reactivity of nZVI in water samples.
7.9. Geophysical methods
The technologies discussed above for studying the fa
effects of nZVI during its transport and interaction wi
surrounding environment all require direct access to sa
from the subsurface. Therefore, the results from these me
represent discrete points in space and (usually) time,
means they provide relatively low resolution with resp
the spatial and temporal dynamics that are expected d
and soon after, the emplacement of nZVI into the subsur
Geophysical methods are different in that they prov
situ characterization of subsurface conditions with conti
resolution (in space and/or time). Although most geoph
methods are indirect — in that they usually require
physical models in order to infer physicochemical prop
from the measured data — these methods can provide
acterization of large study domains efficiently and rem
(i.e., without direct contact with the imaging target).
Geophysical methods have been used to study a var
hydrogeological and geomicrobiological processes in sh
subsurface (see reviews by Atekwana and Slater (2009),
and Hubbard (2005) and Vereecken et al. (2004)).
recently, geophysical methods have also been used to de
installations of in situ permeable reactive barriers (PRBe
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Additionally, there is some evidence from laboratory s
that geophysical methods can detect nanoparticles in p
media (Joyce et al., 2012), but the application of theseme
to deployments of nZVI in groundwater remediation ap
tions has received little consideration to date.
Because the intrinsic electrical and magnetic proper
ZVI materials are significantly different than that of the n
soils, these properties are promising targets for geoph
methods that track nZVI distribution. Magnetic suscept
measurements have been used in single field borehol
laboratory experiments to detect the presence of nZVI (
et al., 2014; Vecchia et al., 2009). Few studies have attemp
apply this method at larger scale (Buchau et al., 2010), i
because these applications require the detector be p
close to the vicinity of the nZVI. Comparing with ma
susceptibility measurements, electrical geophysical me
especially complex conductivity (or resistivity), have
used more frequently for the study of ZVI materials. Co
conductivity (σ*) measures the complex electrical cond
behavior of the study material upon excitation by an ex
current source. It can be expressed in terms of a magn
(|σ |) and a phase shift (ϕ) or real (σ ′) and imaginary
components:
σ  ¼ 1
ρ
¼ iωε ¼ σ ′ ωð Þ þ iσ ″ ωð Þ
σ
  ¼ 1
ρj j ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σ ′2 þ σ ″2
p
¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ρ′2 þ ρ″2
p
ϕ ¼ tan−1 σ ″
σ ′
 
¼− tan−1 ρ″
ρ′
 
≈
σ ″
σ ′
where ρ* is the complex resistivity, ρ′ and ρ″ are the re
imaginary resistivities, ε* is the permittivity, ω is the a
frequency and i ¼
ﬃﬃﬃﬃﬃﬃﬃ
−1
p
.
The conductivity magnitude (|σ|), or the real condu
(σ ′), measures the ability of the material to conduct ch
and the phase shift (ϕ), or imaginary component
measures the magnitude of charge polarization that occ
mineral grain/electrolyte interfaces mainly at low freque
While values at single frequencies (e.g. at 0.1, 1, or 10 H
often used to describe the electrical properties of a ma
these parameters are frequency dependent, so the choice
frequency to use can impact the magnitude of the s
significantly. An alternative method is to acquire the s
across a broad frequency spectrum (e.g., from 0.1 to 100
and then invert the spectral data for global parameters th
frequency independent. A single Cole–Cole type disp
model (Cole and Cole, 1941) is often used to invert for a
conduction (often denoted as σ0) and polarization
parameters (Lesmes and Frye, 2001) based on the foll
equation (Jones, 2002),
σ ωð Þ ¼ σ0 1þm
iωτð Þc
1þ iωτð Þc 1−mð Þ
  
where σ0 is the conductivity at DC frequency, τ is the mean
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Fig. 14. Conductivity (σ0), induced polarization (mn and σ1 Hz″) and the
relaxation time constant (τn) changes as a function of ZVI surface area per unit
pore volume (SFe(pore)) for Ottawa sand–ZVI mixtures that vary from 0.1% to
100% ZVI volume concentration.
Figure adapted from Slater et al. (2005).
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particle or pore size), c is a shape exponent (typically 0.1
and m is the chargeability, a measure of the polarization
nitude (mn =m × σ0).
The conductivity and polarization responses of a m
are functions of many parameters that include soil m
characteristics (e.g. permeability, saturation level, pore
salinity) as well as the properties of the electrical double
(EDL) at mineral/water interfaces. For ZVI, these prop
are also impacted by the charge transfer processes acro
mineral/water interface during redox reactions, wh
illustrated in Fig. 13 (Slater et al., 2005).
While it is typical for most naturalmaterials to have a
response in the range of a few to 10–20 milli-radians (m
the phase response from ZVI can easily exceed 100
depending on its concentration, thus providing en
contrast with its surrounding environments for ele
imaging (Slater and Binley, 2003; Slater et al., 2005; Wu
2005, 2006). Extending this to mixtures of (micron
millimeter sized) ZVI and Ottawa sand, Slater et al. (
found close correlations between electrical properties an
quantity of ZVI (Fig. 14). The use of surface area of ZVI pe
volume (SFe(pore)) in Fig. 14 as the independent varia
based on the fact that electrical charge polarization occu
mineral surface, thus mineral surface area is one of the
factors controlling the magnitude of the polarization s
Fig. 14 shows a linear correlation between SFe(pore) an
(or σ″) (R2 ≥ 0.97) indicating the dominant control o
on the electrical signals of the mixture with negFig. 13. Conceptualmodel for possible polarizationmechanisms inmetal-parti
(b) with applied electric field (E ≠ 0). IP1 represents the diffusive polarization
mechanism. Symbols are r= metallic particle radius; 1/κ=EDL thickness; an
double layer thickness is exaggerated for illustration purposes.
Figure adapted from Slater et al. (2005).l.
n
I
e
the ZVI volumetric fraction is above 20%, an indicati
possible bridging between the ZVI particles above a c
threshold to form continuous electronic pathways. A co
rent and abrupt increase of the conductivity normcle-containing soils such as sand–Fe0mixtures. (a)Without applied electric field (E=0);
mechanism along metal surface; IP2 represents the redox reaction related polarization
d reff = r+ f (1/κ) is the postulated polarization sphere radius sensedwith IP. The electric
relaxation time constant (τn = τ × σ0) as shown in Fig. 14 is
consistentwith this hypothesis. This study also investigated the
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Fig. 15. Induced polarization phase shift from nZVI slurry injected into a sand
packed, water saturated column. A total of 1.5% by weight nZVI was injected.
The surface of nZVI was coated with mineral oil and a 1% hydrogen peroxide
solution was injected at 0.5 mL h−1, from day 1 to 13.
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magnitude and time constant. They found a linear corre
between electrolyte activity and the polarization magn
(mn) for a few types of electrolytes and also obser
directional (fromdecrease to increase) change in the rela
time constant (τ) with increasing electrolyte activity ab
certain threshold, which are attributed to possible chan
charge mobility (Lesmes and Frye, 2001).
The properties determined by complex resistivit
conductivity) methods may provide information not on
the quantity of ZVI present, but also on the conditio
reactivity of the ZVI. The latter is expected because a
electrical parameters (|σ|, ϕ, σ ′, σ″, mn, and τ) are
determined by electrical properties of the particle–
interface (Wong, 1979) that can be altered by the am
condition and its impacts on the reactivity of the ZVI. To e
this possibility, electrical measurements were performed
laboratory columns packed with ZVI/sand mixtures and
extracted from a PRB in Kansas City, Missouri (Wu et al.,
2006, 2008, 2009). During these experiments, mineral p
itation was induced by controlling pore fluid chem
(e.g., manipulating concentrations of carbonate vs. su
The results showed that mineral precipitation affecte
apparent electrical properties of thesematerials by (i) cha
the surface area of ZVI due to the precipitation of a var
iron oxides on ZVI surfaces and (ii) altering the mine
of precipitated phases on the ZVI surface. Specificall
precipitation of calcite tends to reduce the polari
responses of ZVI while magnetite/maghemite precipi
can enhance such a signal due to the differences of the ele
properties between calcite and magnetite and how
compare to the electrical properties of ZVI (Wu et al., 20
Field applications of electrical methods to characteri
emplacement for subsurface remediation have also
carried out (Slater and Binley, 2003). In this field
crosshole electrical tomographic imaging was conduct
an eight-year old ZVI PRB, and the results demonstrate
both electrical resistivity and induced polarization cou
used to delineate the boundary of the PRB. The high
ductivity values closely tracked the geometry of th
according to the engineering construction plan an
phase shift signals provided a good representation of th
geometry as well.
The geophysical studies discussed above were focus
conventional PRBs where the granular ZVI has average p
size of 0.4 to 1 mm. Emplacement of nZVI is sometimes
as a gallery of sequential injections that aims to prod
treatment zone that is similar to a PRB, so geophysical me
may apply to nZVI emplacements in a manner similar to
has been demonstrated for courser-grained ZVI. This poss
has received very little investigation, however, and there
one published study to date (Joyce et al., 2012). In that
induced polarization measurements were made on nZV
mixtures (and a few other types of relevant nanopartic
laboratory column experiments. They observed a sign
phase response in the range of tens of mrad with a 20%
content by weight with nZVI that was fresh, without add
and mechanically mixed with clean sand. In field applic
of nZVI, however, the material is coated with surfactan
n
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e
g
f
y
e
n
l
y
I
n
,
material's electrical properties significantly because
organic surfactants are normally nonconductive, thus shi
the electrical effects of nZVI itself.
To investigate the sensitivity of geophysical metho
nZVI under more realistic conditions, we conducted pr
nary experiments using nZVI coatedwith insulativemine
The coated nZVI slurry was injected into a sand packed,
saturated column until a total of 1.5% by weight nZV
injected. After electrical measurements were collected o
0, a 1% byweight H2O2 solutionwas injected started from
and continued until day 13 (at 0.5mL h−1) with an intent
stimulate Fenton's reactions in order to oxidize the s
mineral oil coating and thereby reexposing the nZVI. A
response below 0.5 mrad (similar to pre-injection cond
was observed after the initial injection of the nZVI (da
Fig. 15). Subsequent H2O2 fluid injection for the next 13
was accompanied with increasing phase shift response
time indicating possible exposure (and oxidation) of the
These preliminary results indicate that although in
polarization signalsmight be used to track nZVI after its s
has been exposed, its usage for tracking the initial inject
surfactant coated nZVI could be limited. However, it is
pointing out that our study was preliminary and we d
characterize the electrical conductivity signals from surf
coated nZVI. The use of nZVI and the addition of surf
could potentially change electrical conductivity of the
slurry significantly, making it a more suitable targ
resistivity imaging during the initial injection phase.
In conclusion, available studies in the lab and field
illustrated the sensitivity of electrical geophysical signa
only to the existence and placement of ZVI but also
corrosion and precipitation processes that significantly im
its reactivity. Such results demonstrated the potent
electrical geophysicalmethods formonitoring field scale in-situ
(n)ZVI installment and its fate and transport over time.
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33Z. Shi et al. / Journal of Contaminant Hydrology 181 (2015) 17–35However, field testing of these methods has been limi
far, particularly for nZVI applications. Further investi
should focus on coupling these geophysical methods
other direct measurement technologies discussed in pre
sections to test their capabilities for tracking the instal
fate, and transport of nZVI at both lab and field scales.
8. Implications and recommendations
The complexity of nZVI properties and reactio
subsurface environments necessitate a suite of compleme
detection methods in order to fully characterize the fat
effects of nZVI during groundwater remediation. Caution
be taken when assessing the performance of nZVI inj
based on only few measured parameters. Simple
methods including total Fe, color and absorptivity, and
conventional indirect methods based on water chemistr
electrometric properties are most applicable in field ap
tions. Some new methods, although still in laboratory e
imental stages, such as chemical redox probes and geoph
methods, may provide new options for nZVI detection
field in the near future.
Currently, most efforts in both laboratory and field s
emphasize the characterization of nZVI after field inje
which helps to assess the effectiveness of nZVI for the red
of CoC in the field, the ultimate goal of nZVI injection
aspect that often is overlooked, however, concerns the
term effects of nZVI on subsurface biogeochemistry
therefore on the sustainability of remediation efforts bas
nZVI. For example, increased dissolved H2 and Fe2+ no
provide evidence for nZVI emplacement but may also
favorable environments for microbes to facilitate long
bioremediation. The organic amendments added during
synthesis or injection to facilitate transport may also pr
carbon and energy for microbial metabolism, thereby en
ingmicrobial activities and thus degradation and sequest
of contaminants in groundwater. Further research to ch
terize these effects is needed to completely understan
effects of nZVI injection during groundwater remediation
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